Previous papers (Greenberg, Mandell, and Woody, 1961b; Woody, Mandell, and Greenberg, 1961; Mandell, Woody, and Greenberg, 1961) have shown that most of the mutants of Escherichia coli S selected for resistance to nitrogen mustard, nitromin, mitomycin C, azaserine, and alkylnitrosoguanidines were also resistant to ultraviolet radiation. All these compounds, with the possible exception of mitomycin C (structure unknown), are alkylating agents. This paper will describe cross-resistance relationships among mutants of E. coli S selected for resistance to nitrofurazone (5-nitro-2-furaldehyde semicarbazone). Such mutants display concomitant resistance to the above-mentioned alkylating agents and ultraviolet radiation. These data confirm previous reports that E. coli B/r, the radiation-resistant mutant of E. coli B (Witkin, 1947) , was resistant to nitrofurazone and that mutants resistant to nitrofurazone were resistant to radiation (Szybalski, 1954; Szybalski and Nelson, 1954; Hill and Simson, 1961) . These observations are significant because nitrofurazone is not an alkylating agent. Furthermore, the data to be presented indicate that mutants of E. coli S resistant to radiation are not cross-resistant to a broad spectrum of other nonalkylating bactericidal agents.
Nitrofurazone is an antimicrobial agent (Dodd and Stillman, 1944) used as a topical antiseptic; some of its analogues are used in the treatment of bladder and urinary tract infections. It is not considered a radiomimetic agent, although it has been shown to have some anticancer activity (Green and Friedgood, 1948; Friedgood and Ripstein, 1951; Friedgood, Danza, and Boccabella, 1952) . Szybalski (1958) found it to be nonmutagenic; it failed to induce mutations from streptomycin dependence to independence in E. coli. Microorganisms are known to develop resistance to nitrofurazone (Green and Mudd, 1947; Mintzer et al., 1953; Paul et al., 1952; Schneierson, 1958 Schneierson, , 1960 Seneca and Lattimer, 1957) but this resistance is not accompanied by resistance to other clinically useful antibacterial agents.
Earlier studies have shown that there are seven different radiation-resistant mutants, identified R1 through R7, of E. coli S, each distinguishable by its distinctive cross-resistance pattern, i.e., its degree of resistance to ultraviolet radiation and radiomimetic agents (Table  1) . Types R3 and R4 have been isolated as majority populations after treatment with nitrogen mustard, mitomycin C, azaserine, and alkylnitrosoguanidines, whereas the other R types occur less frequently. For example, of 96 radioresistant mutants isolated after exposure to RESISTANCE OF E. COLI TO NITROFURAZONE mitomycin C, 54% were type R4 and 40% were type R3 (Greenberg et al., 1961b) . RI has so far been selected only with 1-chloropropyl-3-nitro-1-nitrosoguanidine; R2, with nitromin; and R5, R6, and R7, with mitomycin C. All these radioresistant mutants, with the exception of R6, exhibited an identical degree of resistance to ultraviolet light, unaffected by postirradiation growth on complex or synthetic media. This is in contrast to the ultraviolet radiation responses of E. coli S ) and E. coli B (Roberts andc Aldous, 1949) and its radioresistant mutant B/r (Alper and Gillies, 1960; Hill and Simson, 1961) , which can be altered by the postirradiation growth medium. R6, exhibiting a degree of resistance to ultraviolet radiation intermediate between its sensitive parent, E. coli S, and the radioresistant strains typified by R4, also responds to postirradiation plating media in the same manner as E. coli S and B. (Greenberg et al., 1961a, b Isolation of resistant mutants. Resistant mutants were isolated from plates of Tryptone agar (pH 5.5) containing graded doses from 0.5 to 4.0 Aug of nitrofurazone/ml and spread with 3.5 X 107 cells of E. coli S (log phase in peptone broth). Similar mutants could also be isolated from similar Tryptone plates at pH 7.4.
Measurement of resistance to chemical agents. The methods used to measure the degree of resistance to chemical agents have been described . Isolated clones were grown overnight in peptone broth at 37 C, adjusted with a model 9 Nepho-colorimeter to 3.5 X 108 cells/ml, and streaked on gradient plates according to the method of Szybalski and Bryson (1952) . Gradient plates were made with Tryptone agar (pH 5.5), except that M9 agar was used in tests involving azaserine and penicillin. The minimal inhibitory concentration (MIC) was determined as follows: (length of solid growth)/(total length of streak) X maximal concentration of test compound (,ug/ml).
Sensitivity to ultraviolet radiation. The ultraviolet radiation source was a single 15-w General Electric germicidal lamp with a maximal output at 2,537 A. Calibrated with bacteriophage T2 according to the method of Latarjet, Morenne, and Berger (1953) , this lamp delivered 15.4 ergs per mm2 per sec. Cultures grown overnight in peptone broth were washed twice with buffered saline (pH 6.8) and exposed with gentle agitation in 50-mm petri dishes containing 1 ml of bacterial suspension. Exposures were made at a distance of 51.5 cm from the ultraviolet radiation source. Appropriate dilutions in cold phosphate-buffered saline were plated in duplicate on both Tryptone agar (pH 7.0) and M9 agar, incubated at 37 C for 24 and 48 hr, respectively, and counted. All manipulations subsequent to irradiation were carried out in subdued light to minimize photoreactivation. Sensitivity to ultraviolet radiation was calculated as the dose yielding 10% survivors. RESULTS Survey of Antimicrobial agents. Prototypes of radioresistance classes R1, R2, R3, and R4 were found to be as sensitive as the parent E. coli S when tested on gradient plates containing the following compounds: chloramphenicol, streptomycin, chlortetracycline, oxytetracycline, sodium azide, mercuric chloride, sulfanilamide, sulfadiazine, sodium arsenate, 2, 2'-methylenebis(3,4,6-trichlorophenol), thimerosal, nickelous sulfate, cobaltous acetate, chlorhexidine diacetate, cetyldimethylbenzylammonium chloride, 5-fluorouracil, 5-fluorodeoxyuridine, neomycin, novobiocin, polymyxin B, vancomycin, and cycloserine.
On the other hand, all the radioresistant classes were resistant to proflavine, a nonalkylating agent with radiomimetic properties. Details of these observations will be included in another paper.
Resistance of previously isolated radioresistant mutants to nitrofurazone. Prototypes of radioresistance classes R1 through R7 were resistant to nitrofurazone anld to the same degree, 14-fold.
Survey of first-step mutants resistant to nitrofurazone. The results of a survey of 107 (10-5) (Table 3) not previously encountered; they were assigned to one of six different classes (Rg through R14) represented, respectively, by S/Nf le, S/Nf Ig, S/Nf lj, S/Nf lf, S/Nf ln, and S/Nf lm. Strain S/Nf lh, isolated from a 4-,g/ml nitrofurazone plate in a preliminary survey, has been designated Rs.
There are several interesting points to be noted from the comparison of the new radioresistant strains with each other and with the previously isolated radioresistant types. S/Nf le (R9), S/Nf If (R12), S/Nf lg (Rio), and S/Nf lh (R8) all exhibited an R4 response to ultraviolet radiation; i.e., they were not modified by postirradiation plating media and were 18-fold more resistant than strain S plated on complete medium ( Fig. 1 and 2). They were equal to strain S on penicillin, and, with the exception of S/Nf lh, they were equal to R4 on nitrofurazone. S/Nf lf and S/Nf lg were equally resistant to nitrogen mustard (4.5-fold) and mitomycin C (3-fold), whereas S/Nf le and S/Nf lh were more resistant to these two drugs and to different degrees. On 1-methyl-3-nitro-l-nitrosoguanidine, these four types were all distinguishable. However, if this drug alone was used to classify strains, S/Nf lh would appear to Survival of Escherichia coli S and radioresistant strains S/Nf Ig, S/Nf lk, S/Nf lj, and S/Nf li exposed to ultraviolet radiation and plated on glucose-salts medium (pH 6.8).
radiation, strains S/Nf ln (R13), S/Nf lk (R14), and S/Nf lm (R14) can be grouped together ( Fig. 1 and 2) . They underwent the same extent of plating-medium recovery on synthetic medium as did R6. The calculated dose to yield iO% survivors was the same for R,3, R14, and R6 on Tryptone medium (tenfold greater than that for strain S) but the shape of the survival curves differed. The R6 survival curve was exponential, whereas those of R14 and R13 involved a decreased slope at higher doses, with the change of slope occurring at 30% survivors. Attempts to demonstrate heterogenous populations in the cases of R14 and R13 have been unsuccessful. The crossresistance patterns of S/Nf lk and S/Nf lm were identical, except for the former's increased resistance to azaserine and hypersensitivity to penicillin and, therefore, both were designated R14. R13 was only one-fifth as resistant to 1-methyl-3-nitro-1-nitrosoguanidine as R14 was, and only one-half as resistant to mitomycin C. In fact, except for a difference in response to ultraviolet radiation, R13 had a cross-resistance pattern identical to R12 (S/Nf lf).
A third type of response to ultraviolet radiation was displayed by S/Nf Ij (RI,; Fig. 1 and   2 ). This strain recovered to the same extent on synthetic medium as R6, but was more sensitive that R6 when plated on complex medium. The slope of the survival curve of S/Nf lj on complete medium was exponential to 10% survival, and then became less acute. With respect to cross resistance to radiomimetic agents, S/Nf lj differed from S/Nf If and S/Nf in by a twofold greater resistance on 1-methyl-3-nitro-1-nitrosoguanidine and differed from S/Nf lg by slightly increased resistance to azaserine. With the exception of the strains represented by S/Nf lh, S/Nf lk, and S/Nf lm, all the radioresistant mutants of S were equally resistant to nitrofurazone. In this respect, nitrofurazone behaved very much like nitromin . DISCUSSION There is a class (radiomimetic) of chemical compounds which are related, in that most mutants of E. coli S resistant to one member of the class are resistant to all other members of the class and to radiation.
The members of the class of radiomimetic agents described in earlier papers Mandell et al., 1961; Greenberg et al., 1961a, b) have other properties in common: they are mutagens; they preferentially inhibit cell division, causing the formation of filaments in susceptible organisms; and, with the exception of mitomycin C (structure unknown), they are alkylating agents, e.g., nitrogen mustard and its N-oxide, nitromin, 1-alkyl-3-nitro-1-nitrosoguanidines, and azaserine. On the other hand, 5-oxo-6-azo-L-norleucine and the filament-inducing antibiotic penicillin were found not to belong to the class. Therefore, not all alkylating agents nor all filament-inducing agents are members of the class of radiomimetic agents as defined by cross resistance in E. coli S. It should be noted, however, that some radioresistant mutants of E. coli B are resistant to penicillin (Witkin, 1947; Adler and Haskins, 1960) . The data presented here indicate that antibacterial agents such as heavy metals, various kinds of antibiotics, tertiary ammonium compounds, phenols, iodinated compounds, arsenate, and azide are not cross-resistant with radioresistant strains of E; coli S. Radioresistance is, therefore, not equivalent to general resistance to noxious agents. On the other hand, it has also been shown that most mutants of E. coli S resistant to nitrofurazone are also radioresistant. In this respect, the radioresistant mutants of E. coli S and E. coli B (Szybalski and Nelson, 1954) are similar. Nitrofurazone is, therefore, a radiomimetic agent as defined by cross-resistance relationships. Because nitrofurazone is not an alkylating agent, the ability to alkylate is not necessary for a chemical to belong to the class of radiomimetic agents.
A common mechanism, implied by cross resistance, must relate the biological activity of ultraviolet radiation, X radiation, alkylating agents, nitrofurazone, and, as will be shown in another publication, proflavine. Deoxyribonucleic acid (DNA) is considered to be a primary target for the lethal action of ultraviolet and X radiations, alkylating agents, and proflavine. However, radiations and radiomimetic agents affect DNA differently. Ultraviolet light induces thymine dimers (Beukers and Berends, 1961 ) and produces interchain cross-linking. X radiation does not produce thymine dimers, its action being less specific. Alkylating agents alkylate the ring nitrogens of purines, particularly the N-7 of guanine Lawley, 1960, 1961) , labeling the purine, causing chain breakage, or, if polyfunctional, producing interchain crosslinking. Azaserine and alkylnitrosoguanidines are monofunctional alkylating agents and, therefore, presumably would not cross-link DNA chains. Proflavine is presumed to exert its biological effect by intercalating itself between adjacent bases of polynucleotides leading to deletions on replication of DNA (Lerman, 1961) . No effect of nitrofurazone on DNA is known, but there are no indications that any has been looked for except for the negative observations on its mutagenic activity reported by Szybalski (1958) , which might depend on the kind of mutation this investigator was attempting to back-mutate. Nevertheless, the class of radiomimetic compounds includes a variety of agents, most of which have been shown to have different effects on a common target, DNA. Yet cells which become resistant to any one of these agents become resistant to all.
The catalogue of radiomimetic agents, even though limited to compounds exhibiting crossresistance relationships with radiation in E. coli, includes other compounds. Engel and Adler (1961) have shown that E. coli B/r is also resistant to hydrogen peroxide. Witkin's (1947) Greenberg, 1962) .
The identification of the intracellular events contributing to a generalized resistance to radiation and radiomimetic agents is further complicated by the many types of radiation-resistant mutants isolated from E. coli S; 14 different radioresistant mutants, characterized by their cross-resistance patterns with radiomimetic agents, have been isolated. The present survey of survivors of E. coli S after treatment with nitrofurazone, and also after treatment with mitomycin C (Greenberg et al., 1961b) , indicate that radioresistant types R4 and R3 predominate, comprising 80% of the resistant population in the case of nitrofurazone and 94% in the case of mitomycin C. R4 and R3 mutants have also been isolated after treatment of E. coli S with azaserine, nitrogen mustard, nitromin, and nitrosoguanidines. The other radioresistant types have been isolated much less frequently: R1,, only with an alkylnitrosoguanidine; R2, only with nitromin; R5 and R7, only with mitomycin C; and R8 through R14, only with nitrofurazone. Significantly, however, type R6, originally isolated with mitomycin C, also appeared twice among survivors of nitrofurazone treatment. It seems probable that these rare types represent infrequent but significant deviations from the common type R4 or R3 mutations. Considering the relatively small populations (about 4 X 107 cells) from which all these mutants were selected, it would seem unlikely that any but single mutations were recovered, unless a first mutation labeled the cell for a second mutation. The only evidence that the various radiomimetic agents may preferentially induce specific types of mutants is the observation that some types occur more than once with one agent (e.g., S/Nf lf, lg, and lk) and not with the others tested.
Radioresistant strains, when exposed to ultraviolet radiation and plated on glucose-salts medium, were indistinguishable from each other and from the parent strain S. However, when plated on complete medium, these resistant strains exhibited three levels of radiation resistance. Though the majority of the strains (types R3 , R4, 1 R8, R1, Rio, and R12) were 18-fold more resistant than the senisitive parent assayed on complete medium, a number showed a 6-fold (type R1l) or 10-fold (types R6, R13, and R14) degree of resistance. Most of the radioresistant R types have identical ultraviolet survival curves but different patterns of cross resistance w-ith radiomimetic agents. Two mutants, S/Nf If (R12) and S/Nf In (R13), however, have identical cross-resistance patterns but display different degrees of resistance to ultraviolet radiation.
The multiplicity of radioresistant and radiosensitive strains found among E. coli may be the result of mutations at different loci, or different mutations at one locus, or both. In crosses between E. coli K-12 (radiation-resistant) and S (radiation-sensitive), Cook and Greenberg (in preparation) located a radiation-resistance gene in the segment between the locus for lactose fermentation and the gene for sensitivity to phage T6 and closely linked to the latter. The data of Adler and Copeland (1962) , obtained from crosses between radiation-sensitive and -resistant strains of E. coli K-12, suggest that there are several genes in the chromosome segment between proline and histidine which affect survival after ultraviolet and X radiation. In E. coli B, R6rsch et al. (personal communication) located, closely linked to xylose fermentation, a gene (syn) which apparently controls a mechanism for the repair of radiation damage. Organisms lacking this gene function (syn-) are radiosensitive.
Therefore, it is apparent that many possible genetic sites may have a role in determining radiation resistance and sensitivity in E. coli. It is hoped that further genetic mapping utilizing the different radioresistant strains isolated from E. coli S may determine the genetic entities responsible for their characteristic responses to radiation and radiomimetic chemicals. ACKNOWLEDGMENT This work was carried out under U.S. Public Health Service grant Cy-5687-C.
